Presence of vacuoles and degree of sperm DNA damage are considered to be the basic factors used for the assessment of sperm fertilization capacity. We aimed to investigate the link between these two parameters. According to our knowledge, this is the first study where the Comet assay was used to assess the degree of DNA fragmentation of sperm categorized by Motile Sperm Organelle Morphology Examination (MSOME) Grades. Semen samples from 10 patients were assessed. Spermatozoa were graded into four MSOME groups according to the Vanderzwalmen's criteria. A total of 3930 motile spermatozoa were selected one-by-one using an inverted microscope and transferred onto two different slides. The degree of DNA fragmentation was analyzed by alkaline and neutral Comet assay. Results of the neutral Comet assay showed that Grade I spermatozoa (absence of vacuoles) presented significantly lower dsDNA fragmentation level (mean: 3.13 AE 1.17%) than Grade II (maximum of two small vacuoles; mean: 10.34 AE 2.65%), Grade III (more than two small vacuoles or at least one large vacuole; mean: 23.88 AE 8.37%), and Grade IV (large vacuoles associated with abnormal head shapes or other abnormalities; mean: 36.94 AE 7.78%; p < 0.05). Results of the alkaline Comet assay showed that Grade I spermatozoa had significantly lower DNA (ssDNA + dsDNA) fragmentation level (mean: 8.33 AE 3.62%) than Grade III (mean: 25.64 AE 9.15%) and Grade IV (mean: 40.10 AE 9.10%, p < 0.05), but not significantly lower than Grade II (mean: 12.73 AE 5.06%; p > 0.05). Probably, the vacuoles may be responsible for double strand DNA breaks rather than single strand DNA breaks (only 2.39% spermatozoa in MSOME Grade II, 1.76% in III, and 3.16% in IV has single strand breaks). The results demonstrate that lower MSOME grading correlates with lower sperm DNA fragmentation. Therefore, the observation of sperm nuclear vacuoles using real-time optical microscopy without precise DNA fragmentation examination is not sufficient for optimal sperm selection for intracytoplasmic sperm injection.
INTRODUCTION
Standard sperm analysis, including assessment of sperm count, motility and vitality is often used to evaluate male fertility. It does not include morphological examination of spermatozoa and does not provide any information about abnormalities in the spermatozoa nuclei. In recent years, there has been more focus on genomic quality of the male gametes and its relationship with improvements in outcomes of assisted reproductive technology (ART) procedures and reduction in the risk of passing genetic aberrations to the embryo.
It is estimated that 8% of infertile men with normal semen parameters have higher DNA fragmentation than fertile men (Kodama et al., 1997; Zini et al., 2001) . Infertile men with poor sperm parameters present higher rates of DNA changes in comparison with normozoospermic patients (Delbes et al., 2010) . There is a growing need to establish a new diagnostic procedure to improve sperm analysis and selection especially for infertile men who despite appropriate semen parameters and fertile female partner fail to conceive. Currently, sperm DNA damage is measured using sperm chromatin structure assay (SCSA), sperm chromatin dispersion test (SCD), single-cell gel electrophoresis (Comet assay) or terminal deoxynucleotidyl transferase dUTP nick end labeling analysis (TUNEL). Unfortunately, all of these techniques are invasive for spermatozoa and cause them to be excluded from fertilization procedure.
Less and non-invasive techniques of sperm selection under high magnification such as intracytoplasmic morphologically selected sperm injection (IMSI), birefringence or sperm AnnexinV/Phosphatydylserine column separation have been implemented to reach better intracytoplasmic sperm injection (ICSI) outcome (Bartoov et al., 2001 (Bartoov et al., , 2003 Berkovitz et al., 2006) . Spermatozoa head abnormalities are invisible at low magnification and sperm carrying aberrations may be normally motile, so those with fragmented or decondensed DNA may still be selected for ICSI. The use of such spermatozoa has been linked to poor embryo development and an increased risk of miscarriage (Tarozzi et al., 2007) .
In order to overcome the limitations of currently used tests, there is a need to find different ways of sperm DNA assessment. Sperm vacuoles are physiological structures formed during the development and maturation process, however, the etiology of their appearance remains unclear (Tanaka et al., 2012) . As shown by the findings of transmission electron microscopy, nuclear vacuoles are formed from unnecessary cytoplasm and organelles which should have been eliminated during spermatogenesis (Toshimori, 2009) . Presence of large nuclear vacuoles can result from DNA damage caused by exposition of spermatozoa to reactive oxygen species (ROS) (Smith et al., 2006; Makker et al., 2009) . Moreover, several studies have reported that large vacuoles are related to failure of chromatin condensation (Boitrelle et al., 2011; Cassuto et al., 2012) .
In the majority of studies examining the association of sperm vacuoles and DNA fragmentation, TUNEL analysis was used to evaluate the latter (Boitrelle et al., 2011; Watanabe et al., 2011; Cassuto et al., 2012; Franco et al., 2012; Hammoud et al., 2013) . The aim of this study was to investigate the link between presence of sperm vacuoles and DNA damage assessed with the Comet assay. We have chosen to use the Comet assay as it provides more specific information about the extent and heterogeneity of DNA damage in comparison with TUNEL analysis. According to our knowledge, this is the first study where the Comet assay was used to assess the degree of DNA fragmentation of sperm categorized by Motile Sperm Organelle Morphology Examination (MSOME) Grades.
MATERIALS AND METHODS

Patients
This study has been performed according to the Declaration of Helsinki, and the study protocol has been approved by the local ethics committee (approval no. KB -13/14). Written informed consents were obtained from all study participants.
Ten partners of women undergoing in vitro fertilization procedure at INVICTA Fertility Clinic in August 2015 were recruited. The mean age of participants was 33.6 AE 4.20 years, mean sexual abstinence was 4.2 AE 2.30 day, and mean concentration of round cells was 1.2 AE 0.56 9 10 6 /mL. All men had a normal karyotype, no AZF microdeletions, and no CFTR gene mutations. Patients with history of varicocoele or cryptorchidism, presence of sperm infections or anti-sperm antibodies, who were smoking or obese were excluded. The selection criteria were chosen to eliminate causes of generation of free radicals and exclude possible factors influencing apoptosis.
Sample collection and preparation
Samples were obtained by masturbation after 2-7 days of sexual abstinence and allowed to liquefy at room temperature. Standard semen parameters were measured according to the guidelines of the World Health Organization (World Health Organization, 2010) . The semen samples were prepared using the swim-up method. Briefly, 2 mL of FertiCult Flushing medium (FertiPro N.V, Beernem, Belgium) was carefully placed on top of the 1 mL whole sperm sample in BD Falcon 15 mL polypropylene conical centrifuge tubes. The tube was inclined at an angle of 45°and incubated for 1 h at 37°C. After the incubation period, the entire supernatant was centrifuged at 300 g for 7 min. After centrifugation, the supernatant was aspirated and the pellet was resuspended in FertiCult Flushing medium.
All sperm samples were analyzed with the TUNEL assay before and after swim up. Sperm DNA fragmentation in all patients was similar and within the reference range of <15%. Due to the limited time and number of spermatozoa available to be selected under high magnification, the measurement of DNA fragmentation of depicted motile spermatozoa was not conducted with the Comet assay. The baseline damage in the samples was measured to ensure homogeneity of the patient group and did not influence the overall aim of the study.
For MSOME, 1 lL of semen was placed in 5 lL of 10% polyvinylpyrrolidone solution (PVP; FertiPro, Beernem, Belgium) in a sterile glass Petri dish (FluoroDish; World Precision Instrument, Sarasota, FL, USA) and covered with mineral oil (FertiPro). A total of 3930 motile spermatozoa were selected one-by-one using an inverted microscope (Leica DMI6000B, Wetzlar, Germany) equipped with high-power differential interference contrast optics (DIC/Nomarski), objective XCH PL FLUOTAR 63x/ 0.9 CORR, condenser -NA 0.6 and 550 nm wavelength filter. Approximately, the same number of spermatozoa were selected from every patient's sample to represent each MSOME group. Those were graded according to Vanderzwalmen's criteria, that take into account presence and size of vacuoles (Vanderzwalmen et al., 2008) and are defined for Grade I: motile morphometrically normal spermatozoa with a normal-shaped, normal-sized, oval head (length and width: 4-5 lm and 3-3.2 lm), and absence of vacuoles; Grade II: motile, morphometrically normal spermatozoa and presence of no more than two small vacuoles (each of which accounted for less than 4% of the head's crosssectional area); Grade III: motile, morphometrically normal spermatozoa and presence of more than two small vacuoles or at least one large vacuole; Grade IV: motile, morphometrically abnormal spermatozoa with large vacuoles, and abnormal head shapes or other abnormalities.
Selected spermatozoa were transferred into a small drop of fertilization medium (G-1 PLUS; Vitrolife Sweden AB, G€ oteborg, Sweden) onto two different slides pre-coated with 1% normal melting point agarose (Prona Agarose, Basica LE, Burgos, Spain) and left until dry. Subsequently, dried drops were covered by a second 1% normal melting point agarose layer with a coverslip on top. Agarose was allowed to harden on ice. Then, the coverslip was removed and the slides were carefully lowered into lysis solutions. For this reason, the hardly any of the selected sperm cells were lost. Lysis duration was set to 1 h according to the results of the preliminary tests described below.
Comet assay
Establishment of the Comet Assays experimental conditions
To establish the best Comet Assays experimental conditions, the procedures described by Blumer et al. (2008 Blumer et al. ( , 2012 , Chi et al. (2011), and Fariello et al. (2009) were applied. The major modifications were made to the lysis step as we tested different duration of the lysis.
The preliminary experiment involved 12 samples with variable amounts of DNA damage (range: 4-27% as evaluated by the TUNEL test). Sperm parameters and DNA fragmentation from the 12 subjects are shown in Table S1 .
First, whole semen samples were thawed and washed three times in phosphate-buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA). Sperm cells were diluted to a final concentration of 10 9 10 6 /mL, and 10 lL was mixed with 90 lL of 1% low-melting point agarose (Agaroza Reakcyjna; MAXIMUS -Polskie Agarozy, Lodz, Poland) in distilled water. A 10 lL of semen sample was pipetted on the slides pre-coated with 1% normal melting point agarose (Prona Agarose), then covered with a coverslip, and kept for 5 min at 4°C to solidify. Following gel solidification, the coverslips were gently removed. Slides were submerged in freshly prepared cold lysis solution (2.5 M NaCl, 100 mM ethylenediamenetetraacetic acid (EDTA) and 10 mM Tris (pH 10), with 1% Triton X-100 and 10 mM dithiothreitol (DTT) (added just prior to use). We performed this experiment to compare short-term decondensation (at least 1 h) and the standard long-term procedure (from 2 h to even 12 h). For each subject, three slides were prepared to be processed with the neutral assay and three slides with the alkaline assay: one slide was allowed to decondense for 1 h, another for 2 h, and one for 12 h. Following cell lysis, all slides were washed three times with distilled water at 5 min intervals to remove salt and detergent from the microgels. Then, the slides were placed on a horizontal gel electrophoresis platform and covered with cold electrophoresis solutions (for the neutral Comet assay -90 mM Tris-borate, 2 mM EDTA, pH $ 7.5; for the alkaline Comet assay -300 mM NaOH, 1 mM EDTA, pH >13.0) for 20 min to allow unwinding of the DNA. Electrophoresis was performed at 1 V/cm at room temperature in the dark for 15 min for the neutral Comet assay and for 20 min for the alkaline Comet assay. After electrophoresis, each slide was washed twice with Tris-HCl (pH = 7.4) for 5 min and dehydrated in 96% ethanol for 10 min. After drying, the slides were stained with 10 lL ethidium bromide (5 lg/mL) and covered with a coverslip. The slides were evaluated using an Olympus BX62 epifluorescence microscope (Olympus, Tokyo, Japan) under 409 objective (UPlanApo 40x/0.85). A total of 500 sperm cells were depicted and scored according to intensity of DNA damage as evaluated by comet tail and nuclear intensity. Collins (2004) showed that relative tail intensity is the most useful parameter that presents a linear relationship to break frequency and is comparatively unaffected by threshold settings allowing discrimination of damage over the widest possible range (theoretically, from 0 to 100% DNA in tail). The higher the DNA density in the tail, the greater the extent of DNA damage. Thus, Comets were categorized into five classes after assigning a value 0-4 according to Collins (2004) DNA) ; Class 1 cells still showed an evident nucleus but also a slight Comet tail (DNA decondensation); Class 2 cells showed a fragmented nucleus and a moderate tail (medium DNA fragmentation); Class 3 cells showed a fragmented nucleus and a strong tail (considerable DNA fragmentation); Class 4 cells did not show a nucleus, only a Comet tail (high DNA fragmentation). All samples were evaluated and scored by a single person. Additionally, all Comet assay procedures were carried out blinded on coated slides.
Results of the preliminary study for establishment of the Comet assay experimental conditions showed that even short lysis (1 h) was sufficient and gave accurate and reproducible results of DNA damage assessment in spermatozoa (Table S2) .
Comet assay for the study group
Following the spermatozoa MSOME grading for the 10 patients in the study group, the selected motile spermatozoa were analyzed by two Comet assays: 1869 spermatozoa (Grade I -456, Grade II -441, Grade III -448, Grade IV -524) by the neutral Comet assay and 2061 spermatozoa (Grade I -449, Grade II -503, Grade III -534, Grade IV -575) by the alkaline Comet assay.
Comet assays were conducted as described in the preliminary procedure section with the lysis time for DNA decondensation set for 1 h. After neutral and alkaline Comet assay, the slides were evaluated using an Olympus BX62 epifluorescence microscope (Olympus, Tokyo, Japan) under 409 objective (UPlanApo 40x/0.85). All spermatozoa were scored according to intensity of DNA damage as evaluated by comet tail and nuclear intensity and categorized in classes from 0 (high DNA integrity) to 4 (high DNA fragmentation).
Statistical analysis
Statistical analyses were performed using GRAPHPAD PRISM (ver. 5.1). Analysis of the associations among the sizes of the MSOME Grade subgroups picked up for each patient was performed using chi-square test. ANOVA test was used to compare DNA fragmentation rates among the MSOME Grade groups. A Tukey's post hoc test was used to compare DNA fragmentation rates within each MSOME Grade. Paired sample t-test was used to compare DNA fragmentation rates within neutral and alkaline Comet assay. Probability (p) values of < 0.05 were regarded as statistically significant.
RESULTS
The results of the routine analysis of semen samples collected from the 10 subjects are shown in Table 1 .
Approximately, 390 spermatozoa (range: 305-473) were selected from semen of each patient, giving the total number of 3930 analyzed spermatozoa. We aimed to obtain 100 spermatozoa per MSOME Grade from each patient. However, for some patients, we picked fewer spermatozoa, mainly because of the low availability of spermatozoa of each grade. Table 2 presents the level of sperm DNA damage for each patient, number of spermatozoa picked by MSOME Grade, and the number of spermatozoa with different classes of DNA damage for each subgroup. All patients had the baseline level of sperm DNA fragmentation within the reference range of < 15% 394 Andrology, 2017, 5, 392-398 as measured by the TUNEL assay. There were no statistical differences between the number of spermatozoa picked up from each patient for all Grades (p > 0.05).
The link between presence of vacuoles and DNA damage in the spermatozoa classified according to MSOME is shown in Table 3 . There is a higher percentage of Class 0 spermatozoa in Grade I than Grade II, III, and IV (p < 0.05) as determined with the neutral Comet assay (dsDNA damage). In Class 1, the neutral Comet assay also showed that Grade I presented significantly lower number of spermatozoa with DNA decondensation than Grades II, III, and IV (p < 0.05). Based on the analysis of the summarized number of Class 2, 3, and 4 spermatozoa, we observed that MSOME Grade I spermatozoa possess significantly lower (p < 0.05) dsDNA fragmentation than Grades II, III, and IV, that is, the spermatozoa with increasing number and size of vacuoles.
Among the alkaline Comet assay groups, in Class 0, we observed statistically significant differences only when comparing Grade I and III (p < 0.05), I and IV (p < 0.05), but not I and II (p > 0.05). Within Class 1, there were no significant differences in the percentage of DNA fragmentation between Grade I and II. However, DNA fragmentation in these Grades was lower when compared to Grades III and IV. Summarized percentages of Class 2, 3, and 4 spermatozoa in each Grade showed significantly lower DNA (ssDNA + dsDNA) fragmentation level in Grade I than in Grade III and IV (p < 0.05), but not Grade II (p > 0.05).
Based on the DNA fragmentation rates for each MSOME Grade assessed by both Comet assays, we can estimate that there were 2.39, 1.76, and 3.16% of spermatozoa in Grades II, III, and IV, respectively, with single strand breaks ( Table 3) . Inclusion of single strand breaks did not cause statistically significant increase in DNA damage (p > 0.05).
DISCUSSION
Evaluation of sperm DNA fragmentation has been accepted as a useful tool for prediction of the probability of achieving a viable pregnancy (Henkel et al., 2003; Sakkas & Alvarez, 2010) . Furthermore, over the last few years, it has been found that the injection of selected morphologically normal spermatozoa into the oocyte is related to higher rates of fertilization, blastocyst development, implantation, ongoing pregnancy, and lower miscarriage rate (Bartoov et al., 2001 (Bartoov et al., , 2003 Henkel et al., 2004; Virro et al., 2004; Antinori et al., 2008; Vanderzwalmen et al., 2008; Balaban et al., 2011; Knez et al., 2011; Wdowiak et al., 2015) . A number of researchers had already used TUNEL analysis to evaluate association of sperm vacuoles and DNA fragmentation (Boitrelle et al., 2011; Watanabe et al., 2011; Cassuto et al., 2012; Franco et al., 2012; Hammoud et al., 2013) . However, there were no studies where the Comet assay was used to assess correlation between presence of vacuoles and the degree of DNA fragmentation of spermatozoa categorized by MSOME Grades. Our study, performed with the use of the Comet assay, permitted to obtain more specific information about the extent and heterogeneity of DNA damage in comparison with TUNEL analysis. Additionally, using the neutral and alkaline Comet test allowed us to distinguish between single strand and double strand DNA breaks (Fairbairn et al., 1995) . We showed that DNA fragmentation rate reflects the increasing number and size of vacuoles. The strong point of this research is the large number of analyzed spermatozoa, which is, as far as we know, one of the highest numbers evaluated in a single study. After swimup MSOME Grade (no. of spermatozoa picked Class 0/1/2/3/4) MSOME Grade (no. of spermatozoa picked Class 0/1/2/3/4)
Existing data on vacuoles and their significance in the spermatozoa remain inconclusive. Designs of studies concerning this subject varied greatly. Previous research examined patients with differing sperm characteristics -from normal to abnormal spermatozoa (Garolla et al., 2008; Gosalvez et al., 2011; Cassuto et al., 2012) , or with vacuoles ranging in size from those covering the head's area in 4% (Wilding et al., 2011; Hammoud et al., 2013) , 13% (Perdrix et al., 2011) , 25% (Boitrelle et al., 2011) to over 50% (Alcantara Oliveira et al., 2010) . The role of the vacuoles in the process of DNA fragmentation has not been yet fully explained. Our study clearly showed correlation between presence of sperm vacuoles and DNA fragmentation. Moreover, our results are in agreement with studies which showed that presence of large or multiple vacuoles was associated with DNA fragmentation (Franco et al., 2008; Garolla et al., 2008 Garolla et al., , 2014 Alcantara Oliveira et al., 2010; Gosalvez et al., 2011; Perdrix et al., 2011; Wilding et al., 2011; Hammoud et al., 2013; Mongkolchaipak & Vutyavanich, 2013) . However, our findings contradict conclusions of the studies that did not find statistically significant difference in DNA fragmentation between spermatozoa with a vacuole-free head and morphometrically normal spermatozoa with a large vacuole (Boitrelle et al., 2011; Watanabe et al., 2011; Cassuto et al., 2012) . These discrepancies could be because of the differences in methods used to assess sperm DNA fragmentation -TUNEL (Garolla et al., 2008; Alcantara Oliveira et al., 2010; Boitrelle et al., 2011; Perdrix et al., 2011; Watanabe et al., 2011; Wilding et al., 2011; Cassuto et al., 2012; Franco et al., 2012) , sperm chromatin dispersion (SCD) test (Gosalvez et al., 2011; Cassuto et al., 2012) , or varied magnification used for the selection of spermatozoa. In our study, motile spermatozoa were selected using 639 magnification objective (XCH PL FLUOTAR 63x/0.9) with a DIC contrast, allowing for good evaluation of each spermatozoon's morphology. Unfortunately, many authors do not include detailed information about the objectives used during their studies but provide only calculated digital magnification (6000-12,0009) rather than real magnification. This leads to difficulties in interpretation of the results. Boitrelle et al. (2011) reported that a large vacuole can be described as a 'nuclear thumbprint-like concavity' linked to chromatin condensation failure (i.e. non-replacement of histones during spermiogenesis) but not DNA fragmentation in patients with low overall DNA fragmentation rates in semen. Watanabe et al. (2011) reported that large vacuoles are not the cause of DNA damage in patients who produce high quality semen. Our results also show that approximately 32% (as found with the neutral Comet assay) or approximately 25% (alkaline Comet assay) of Grade IV spermatozoa have non-fragmented nuclear DNA. This result can be explained by the fact that all patients in our study were healthy men with normal sperm parameters (only one patient had slightly reduced sperm motility). Two major causative factors affecting sperm DNA damage are abnormalities in the regulation of apoptosis and environmental factors acting at the level of epididymis (Sakkas & Alvarez, 2010) . The patient selection criteria most likely eliminated the reasons for generation of free radicals and excluded factors leading to apoptosis what may explain the observed correlations.
In contrast to the previous studies which examined association of DNA fragmentation and presence of vacuoles using TUNEL method, we used the Comet assay which is very sensitive (Fairbairn et al., 1995; Collins, 2002) , measures single and double strand breaks as well as has a broader use in detecting equal breaks in both protamine-and histone-bound chromatin (unlike some other tests which detect primarily breaks in protamine-associated chromatin). Based on the results obtained, we can speculate that the vacuoles are responsible for double strand rather than single strand DNA breaks as in Grades II, III, and IV single strand breaks were present in 2.39, 1.76, and 3.16% of spermatozoa, respectively (alkaline -neutral). Furthermore, our results suggest that even Grade I spermatozoa shows small degree of DNA fragmentation in individual spermatozoa. In that group, about 10% (dsDNA damage) and 19% (ssDNA + dsDNA damage) of the spermatozoa presented small degree of DNA decondensation (Class 1), but hardly any (< 0.2%) had high degree of DNA fragmentation (Class 4).
According to De Vos et al. (2013) , the use of 'second-best' spermatozoa seems to have no impact on fertilization and embryo quality. On the other hand, Setti et al. (2013) in his meta-analysis concluded that the use of IMSI leads to significantly higher implantation and pregnancy rates and significantly reduces abortion rates. Selection of spermatozoa under high magnification reveals morphological features (i.e. multiple vacuoles, vacuoles that occupy >4% of the nuclear area) not visible during the standard ICSI procedure, and therefore deselects spermatozoa that might have been otherwise chosen for ICSI. In our study, we found statistical differences between Grade I and Grade II in the case of neutral Comet assay (dsDNA damage), but not in alkaline condition (ssDNA + dsDNA damage). RibasMaynou et al. (2012) showed that it is the single stranded DNA damage predicts fertilization potential. He speculated that double stranded DNA damage was related to the risk of miscarriage, possibly because of a lack of the oocyte's ability to repair spermatozoa dsDNA breaks. We did not focus on the outcome of in vitro fertilization procedure as this was not our aim; however, our results seem to be consistent with the above-mentioned study. Thus, selection of spermatozoa under high magnification may in the long run result in improvement of embryo quality and development.
The results of this pilot study demonstrate that lower MSOME grading correlates with lower sperm DNA fragmentation. However, even MSOME Grade I spermatozoa showed some DNA fragmentation. The observation of sperm nuclear vacuoles using real-time optical microscopy without precise DNA fragmentation examination is not sufficient for optimal sperm selection for ICSI. Thus, investigation of new sperm selection methods allowing low/non-invasive DNA fragmentation analysis is still necessary.
